Supplementary Methods
We utilized two different 13 C-31 P multi-spin systems to mimic the scenarios of surfacebound and membrane-inserted pHLIP molecules. For the membrane adsorbed or embedded model ( Supplementary Figure 2A , representing state II/II'), we considered a 4-spin system consisting of one 13 C nucleus and three 31 P nuclei. The geometries of 31 P nuclei mimic the densely packed POPC phosphate headgroups with ~ 8 Å distance between the adjacent 31 P. In the Cartesian coordinate system shown in Supplementary Figure 2A , one of the 13 C-31 P internuclear vector is placed within the y-z plane while the 13 C nucleus is fixed at the origin point.
Using this setup, the sets of Euler angles () that connect the principle axis systems and molecular frames are (0, , 0), (120, , 0) and (240, , 0) for vectors 13 C-31 P 1 , 13 C-31 P 2 , and 13 C-31 P 3 respectively, where  was calculated using:
In Eq.1, the parameter d represents the internuclear distance between 13 C and 31 P in the unit of Å.
SIMPSON package 1 was utilized to generate simulated curves shown in Figure 6 . The best-fit distances reported in the main text for samples at pH 7.4 (state II) and 6.4 (state II') represent the proximity between an individual 13 C nucleus to the 31 P plane (i.e.
21.33).
For the membrane-inserted state III, we considered a three-spin model with one 13 C and two 31 P nuclei (Supplementary Figure 2B ). Additonal 31 P nuclei are neglected because for a TM helix there are only likely to be two annular lipids that are within REDOR distance of any sidechain C. In this simple spin system, the 13 C is placed at the origin of the Cartesian coordinate and the plane formed by all three spins are fixed in the x-y plane. Therefore, the set of Euler angles for such a system are (0, 0, 0) and (0, , 0) for vectors 13 C-31 P 1 and 13 C-31 P 2 , where  was calculated using:
with the same definition for d' as d in Eq. 1. Thus, the best-fit distances reported in the main text for samples at pH 5.3 indicate the proximity between a specific 13 C to the vector that connects the two 31 P nuclei (i.e. ′ 16)
For pH 6.4 samples, since there are two populations (i.e. ~ 70% unstructured state II' and ~ 30% -helical state III, see discussion in main text), we assume that the state III population at pH 6.4 adopt the same 13 C-31 P proximity as the inserted state III at pH 5.3. Therefore, the pH 6.4 experimental data was first corrected for removing the contribution from state III using:
The terms . and . represent the experimental REDOR dephasing at pH 6.4 and pH 5.3 for the same labeled sites, respectively.
For each REDOR dephasing value (S/S0) shown in Fig. 6 , the uncertainty (error bar) was calculated using the following Eq. 4:
, where and were the experimental root-mean-square deviations of integrated intensities over 1 ppm chemical shift ranges in the spectral regions without signal.
